Abstract. The diffusion of chloride ions in hardened cement paste (HCP) under steady-state conditions and accounting for the highly heterogeneous nature of the material is investigated. The HCP microstructures are obtained through segmentation of X-ray images of real samples as well as from simulations using the cement hydration model CEMHYD3D. Moreover, the physical and chemical interactions between chloride ions and HCP phases (binding), along with their effects on the diffusive process, are explicitly taken into account. The homogenized diffusivity of the HCP is then derived through a least square homogenization technique. Comparisons between numerical results and experimental data from the literature are presented.
Introduction
The migration of particles inside a medium should pointwise satisfy the general mass 
82 where C is the particle concentration, t is the time and J is the flux vector.
83
To completely describe the motion of the particles, a flux constitutive relation is place. Firstly, water saturated conditions are assumed since they are imposed in most experimental setups and occur in many real-world cases due to the limited thickness
108
where C dif f and a dif f are the concentration and the chemical activity of the diffusive 109 species. What is usually taken as a reference value is the diffusivity of a species
110
into pure water at a constant temperature;
D and its meaning and definition will be specified in the validation section according to 126 the problem studied. 
Substituting Equation 2 into Equation 1 gives
134 where x is the spatial coordinate vector. 
144
where C f and C b are the concentrations respectively of free (i.e., the ions that are free to 145 migrate) and bound chlorides. The latter are permanently or dynamically bound to the 146 solid phase, thus they cannot take part in the diffusion process anymore because they 
151 Considering then the relationship
153
Equation 7 becomes
155
It is now possible to introduce the effective diffusivity D ef f as
where
159 is the binding activity coefficient, which makes the diffusivity coefficient dependent on 160 the capacity of the phase hosting the diffusion to bind the diffusive species. However,
161
as will be better explained later on, the amount of chlorides bound by the solid phase in
162
HCP is generally expressed as a function of C f instead of C tot , i.e. C b = C b (C f ). As a 163 result, the binding activity coefficient as defined in Equation 11 is not readily available 164 and, hence, a further manipulation is needed
166
Introducing Equation 10 into Equation 9 and accounting for Equation 12 yields
167
168 that should be coupled with
170
The introduction of the above non-linear equation (Equation 14 CaSO 4 · 12H 2 O). For example, the chemical reaction: that is reached only asymptotically because it is abstracted from the real environment 
Binding isotherms

232
The relationship between free and bound chlorides C b (C f ) at a given temperature for (Figure 1b ) 
257
where M CSH and M AF m are the mass fractions of the CSH and AF m. The homogenized diffusivity should be defined so as to minimize the differences in
269
behavior between the ideally homogeneous material and the heterogeneous HCP. In 270 the present work a least square minimization approach is adopted and the transition 271 from the heterogeneous microscale to the homogeneous material is expressed using the 272 following objective function
where · is the volume averaging operator defined over the heterogeneous material as 
283
where i = 1, 2, 3 are the three orthogonal coordinate axes x, y, z. 
Numerical simulations and comparisons with experimental results
285
In this section, the results of the numerical simulations are reported. First, the 286 adopted HCP microstructures are described, then the test setups are illustrated. Finally,
287
numerical and experimental results are compared. 
302
Concerning the FDM scheme, one node for each voxel is used.
303
The adopted HCP microstructure from the VCD database [27, 28] , which is shown mass. This is an ordinary Portland cement (OPC) with a standard composition (i.e., 
316
Concerning the simulated HCPs, two different types of microstructure are used.
317
One is meant to reproduce the real HCP adopted (i.e., w/c = 0.45 and cured under i.e. the clinker particles are randomly moved in order to obtain a single cluster of 325 particles mutually connected (namely, a single floc [26, 36] values for the segmentation of the raw CT images are obtained from the graylevel where V unhyd (t) is the volume fraction of unhydrated residuals at a certain time t and 335 V clink is the initial volume of clinker (i.e., V clink = V unhyd (0)). To account for the cement 336 stoichiometry, the following hydration expansion factor ν hyd (t) is used where V hydr (t) is the volume fraction of the hydrated products at the time t.
339
The segmentation thresholds are chosen in such a way as to obtain a ν hyd of about 340 2.15, which is an average value for an OPC [26, 37] , and to reproduce the degree of products.
345
The validity of the segmentation based on the above criterion has been checked 346 by means of the widely used Power's model [37, 38] , which allows one to estimate the 
350
As observable comparing Table 2 behavior is the percolation of the pore network (see [7, 8] using a pore resolution of 1 µm in the model. Above this limit the probability to find 372 a percolated pore system in an ideally infinite domain is 100 %, while below this limit 373 such probability is 0 %. In this latter case, the HCP microstructure contains many 374 depercolated subpaths and isolated clusters of pores. The former are pore systems that 375 can be directly accessed from one of the outer exposed surfaces, while the isolated pores and characterized by the presence of bottlenecks and a high tortuosity (Figure 4b ).
386
Conversely, the microstructure with w/c=0.40 is depercolated (Figure 4a ) and the one 387 with w/c=0.50 has already a very large percolated system. are compared to experimental CT images [40] . Furthermore, the adopted resolution control all the principal parameters of a cement clinker and of a HCP.
420
In Table 2 is much larger than 100x100x100 µm 3 .
426
In [37] , for a cement similar to the one analyzed here, hydrated and clinker 427 microstructures from CT scan images and generated via CEMHYD3D adopting in microstructures with the same w/c ratio, provided that a reliable particle size 431 distribution is given [37] . 
Numerical simulations of diffusion and binding
433
The face, which is C inlet =1.0 mol/L for Refs. [29, 41, 43, 44] and C inlet =0.5 mol/L for Ref.
493
[42]. For both, the outlet concentration is C outlet =0 mol/L and the flux normal to all 494 the other faces is set to zero.
495
In Figure 8 , the results for C inlet =1.0 mol/L in terms of total, free and bound The results of all the diffusion test simulations in terms of homogenized diffusivity are reported in Table 6 and illustrated in Figure 9 . Moreover, in Figure 10 the influence 507 of the binding effect on the homogenized diffusivity D H is expressed through the ratio From the numerical results in Figure 9 it is possible to notice how an increase 511 of the w/c ratio leads to an exponential increase of the homogenized diffusivity that 512 approaches a linear trend for w/c > 0.6 ( Figure 9 and Table 6 ). For very high w/c 513 ratios the homogenized diffusivity D H grows rapidly approaching D pores , which is the 514 expected value in the ideal case of w/c = ∞. As already reported by Garboczi and
515
Bentz [8] , such non-linear trend is related to the increment, with the w/c ratio, of the 516 volume of the capillary pores (see Table 4 and section 5.1.2), which have a diffusivity 517 value 2-3 orders of magnitude higher than that of the other phases (Table 5) . Hence, 518 even a relatively small increase in pore volume can result in a relevant increment of the 519 homogenized diffusivity.
520
As already outlined in section 5.1.2, the increment of porosity leads to a change in Although in Figure 9 the difference between homogenized diffusivity with and 535 without binding is apparently limited, the parameter ρ D plotted in Figure 10 shows 542 Figure 10 and Table 6 show that for w/c > 0.60 the difference between homogenized 543 diffusivity with and without binding is less than 10 % even though the solid phase is 544 mainly composed of hydration products exhibiting binding, as also reported in Table 4 . This is due to the decreased volume of solid phase with respect to the capillary pore 546 network, whose volume fraction is well above the percolation limit [8] . In such cases the HCPs with a volume fraction of capillary pores much higher than the percolation limit 552 [8] .
553
The influence of binding is less pronounced in the specimens with limited curing time t cur =124 h than for fully hydrated pastes (see Table 6 ) because the progression 555 of the hydration process implies more hydration products exhibiting binding and, thus,
556
its effect becomes more prominent in later age specimens, as will be also illustrated 557 in section 5.2.6. Moreover, the value of the homogenized diffusivity appears inversely 558 related to the curing time (Table 6 ). This happens because the hydration process reduces 559 drastically the amount of capillary voids in HCP and, as already noted, increases the 560 amount of hydration products that exhibit binding. These two effects both lead to a 561 reduction of the diffusivity with further hydration. with the progress of the hydration. From Figure 9 it is also evident that, for very 590 porous HCPs (i.e., for w/c ≥ 0.60), the homogenized diffusivity is overestimated.
591
However, heterogeneous specimens are likely to be produced for so highly porous HCPs, The aforementioned different behavior for porous HCPs is also implicitly considered 605 in the semi-empirical relationship based on the percolation theory proposed by Garboczi
606
and Bentz [8] that, according to the authors, can be adopted to characterize HCPs with 607 w/c ≤ 0.60. The formula, which is reported for comparison in Figure 9 , reads that the adoption of a numerical approach is mandatory to achieve reasonable accuracy. the homogenized diffusivity noticeable in Table 6 for the real microstructure agrees 649 with the differences in the volume fraction of the percolated pore network. However,
650
such difference is also partly due to the assumed relationship for the diffusivity and 651 the binding isotherm described in section 5.2.1. In particular, the adopted hydration that are insensitive to the binding process.
657
Concerning the binding test Figure 13 demonstrates that the behavior of real and 658 simulated microstructures is very similar. The difference in the amount of chlorides 
